High-temperature dielectric response in pulsed laser deposited Bi 1.5 Zn 1.0 Nb 1.5 O 7 thin films J. Appl. Phys. 108, 054106 (2010) Pyrochlore Bi 2 ͑Zn 1/3 Ta 2/3 ͒ 2 O 7 ͑BZT͒ films were prepared by pulsed laser deposition on Pt/ TiO 2 / SiO 2 / Si substrates. In contrast to bulk monoclinic BZT ceramics, the BZT films have a cubic structure mediated by an interfacial layer. The dielectric properties of the cubic BZT films ͓ ϳ 177, temperature coefficient of capacitance ͑TCC͒ ϳ−170 ppm/°C͔ are much different from those of monoclinic BZT ceramics ͑ ϳ 61, TCC ϳ+60 ppm/°C͒. Increasing the thickness of the BZT films returns the crystal structure to the monoclinic phase, which allows the dielectric properties of the BZT films to be tuned without changing their chemical composition.
Structure and dielectric properties of cubic Bi 2 
I. INTRODUCTION
The rapid development of wireless communication technologies has led to a need for the miniaturization of components whose performance can be greatly improved by employing novel dielectric materials. The most attractive features of Bi-based pyrochlores are their high dielectric constant and low dielectric loss. Moreover, the temperature stability of their dielectric properties can be easily tuned by controlling their composition. 1 The general chemical formula of oxide pyrochlores can be written as A 2 B 2 O 7 which has two different cation coordinates. While the A-site is filled with trivalent ions with eightfold coordination, the B-site retains tetravalent ions with sixfold coordination.
Recently, the structure and dielectric properties of Bi 2 ͑Zn 1/3 Ta 2/3 ͒ 2 O 7 ͑BZT͒ have been intensively studied due to its high dielectric constant and interesting low-temperature phase transition. [2] [3] [4] BZT ceramics have a distorted pyrochlore structure with a monoclinic symmetry, which is also observed in Bi 2 ͑Zn 1/3 Ta 2/3 ͒ 2 O 7 ceramics. This distorted pyrochlore structure of BZT is called the zirconolyte phase and the major difference between the pyrochlore and the zirconolyte phases is the stacking sequence of the tungsten bronze layers. At room temperature, monoclinic BZT ceramics have been reported to show a dielectric constant ͑ r ͒ of 61 and a loss tangent ͑tan ␦͒ of 0.001 at 1 MHz. 5 The dielectric properties of BZT ceramics do not show significant dependence on the measuring frequency. In the microwave regime, the dielectric constant and temperature coefficient of capacitance ͑TCC͒ of monoclinic BZT ceramics are 60.4 and +78 ppm/°C, respectively. 5 The combination of high dielectric constant, low dielectric loss, and small TCC observed in the BZT ceramics provides a unique opportunity to develop high performance miniaturized microwave components.
In this study, we grew highly textured BZT thin films on ͑111͒ Pt using pulsed laser deposition ͑PLD͒ and investigated their crystal structures and dielectric properties. It was observed that the interface reaction layer between BZT and the Pt electrode develops a cubic phase which is different from the monoclinic structure of bulk BZT ceramics. Increasing the thickness of the BZT films results in the formation of both cubic and monoclinic phases and provides tunable dielectric properties that are not available in the bulk counterpart.
II. EXPERIMENTAL PROCEDURE
A stoichiometric BZT target was prepared using a conventional mixed oxide method. BZT thin films were grown on a ͑111͒-oriented Pt/ TiO 2 / SiO 2 / Si substrate ͑Inostek, Korea͒ by PLD. A KrF excimer laser ͑ = 248 nm͒ beam with a pulse repetition rate of 5 Hz was focused on the target to yield an energy density of 2 J / cm 2 . All films were deposited at 700°C under an oxygen partial pressure of 400 mTorr. The thicknesses of the BZT films were controlled to be 193, 250, 373, and 600 nm by changing the deposition time. After the deposition, the films were cooled at an oxygen pressure of 350 Torr without any further thermal treatment.
The crystal structure of the BZT thin films was investigated using x-ray diffraction ͑XRD͒ ͑model MX18HF-SRA, Mac Science Instruments, Japan͒ and transmission electron microscopy ͑TEM͒ ͑model CM30, Philips, The Netherlands͒. The chemical composition of the films was determined through electron probe microanalysis ͑EPMA͒ ͑JXA-8900R, JEOL, Japan͒ on several different points for each sample. To measure their dielectric properties, Pt electrodes ͑250 m in diameter͒ were deposited on top of the BZT films. The di- Figure 1 shows the XRD pattern of a 193-nm-thick BZT film on a ͑111͒-oriented Pt/ TiO 2 / SiO 2 / Si substrate with a strong ͗111͘ preferred orientation. It is noted that no peak split is observed in the XRD pattern of the 193-nm-thick BZT film, indicating that it has a pseudocubic pyrochlore structure. This cubic phase of the PLD-grown BZT films is completely different from the crystal structure of the BZT bulk target. As shown in Fig. 1 , the BZT bulk has a monoclinic structure with lattice parameters of a = 13.02, b = 7.65, and c = 12.18 Å, which is consistent with previous studies on the crystal structure of pyrochlore Bi 2 ͑Zn 1/3 Ta 2/3 ͒ 2 O 7 . 4 The pseudocubic structure of the PLD-grown BZT was confirmed by TEM analysis. The selected area diffraction ͑SAD͒ pattern along the ͗111͘ direction of the PLD-grown BZT film in the inset of Fig. 1 shows the hexagonal pattern of the cubic or rhombohedral structure without any additional satellite spots. This confirms that it does not have a distorted pyrochlore structure. Given that PLD is very effective in transferring the structure of the parental target materials to the films, this reconstructive phase transition in the PLD-grown BZT film is unusual. The appearance of the cubic phase might be due to the compositional change. In the Bi 2 O 3 -ZnO-Ta 2 O 5 ternary system, there is a cubic pyrochlore compound, ͑Bi 1.5 Zn 0.5 ͒͑Zn 0.5 Ta 1.5 ͒O 7 . When the A-site of the pyrochlore structure is shared by Bi and Zn, the effect of the 6s 2 lone pair electrons of Bi on the structural distortion is minimized and the cubic structure is allowed. Therefore, the composition of the cubic BZT film was analyzed using EPMA and compared to that of the target materials. Table I shows that the composition of the cubic BZT film is almost the same as that of the bulk target, suggesting that the cubic structure in the 193-nm-thick BZT film cannot be attributed to the compositional change during the PLD process. The other possible explanation for the appearance of the cubic phase in the PLD-grown BZT film is lattice matching between BZT and the Pt substrate, which has been widely observed in thin film growth. 6, 7 Since the triple of the Pt lattice parameter ͑3.923 Å͒ closely matches the lattice parameter of the cubic BZT film ͑10.561 Å͒, the cubic BZT structure can be commensurate with that of the ͑111͒ Pt bottom electrode with the crystallographic relationship of ͑111͒ ͓100͔ BZT ʈ ͑111͒ ͓100͔ Pt . To investigate the effect of the lattice parameter of the substrate, the PLD deposition was performed using the same processing parameters on a ͑111͒-SrTiO 3 ͑STO͒ substrate whose lattice parameter ͑3.905 Å͒ is similar to that of Pt. In contrast to the Pt substrate, the BZT film on ͑111͒ STO results in a polycrystalline monoclinic phase without any preferred orientation ͑not shown here͒. This indicates that the physical interactions of the deposited atoms with the substrate cannot explain the formation of the cubic phase in the BZT films on ͑111͒-oriented Pt/ TiO 2 / SiO 2 / Si substrates. Recently, we showed that highly ͑hhh͒-oriented pyrochlore ͑Bi 1.4 Zn 0.6 ͒͑Ti 1.4 Nb 0.6 ͒O 7 ͑BZTN͒ thin films can be grown on a Pt layer via an interfacial reaction. 8 This is traced to the Bi 2 Pt 2 O 7 interfacial layer that is formed by the preferential reaction of laser-ablated Bi with Pt at 700°C. 9, 10 The interfacial reaction found in our recent study provides an alternative explanation for the formation of the cubic BZT films. The interface between the cubic BZT films and the Pt layer was analyzed using high resolution TEM ͑HRTEM͒. The HRTEM image in Fig. 2͑b͒ facial layer and the growth of the cubic BZT films on top of this layer. This implies that the appearance of the cubic BZT films is mainly due to the formation of thermodynamically stable Bi 2 Pt 2 O 7 , which has a cubic structure with a lattice parameter of 10.37 Å that is very close to that of cubic BZT films. Table II summarizes the dielectric properties of the monoclinic BZT ceramics and cubic BZT films. While the monoclinic BZT ceramics have a positive TCC ͑+60 ppm/°C͒ and a dielectric constant of 61, the cubic BZT films exhibit a negative TCC of −170 ppm/°C and a dielectric constant of 177 at 1 MHz. This large difference in their dielectric properties is the other experimental evidence for the cubic phase of the PLD-grown BZT thin films. In contrast to the monoclinic pyrochlore Bi 2 ͑Zn 1/3 Ta 2/3 ͒ 2 O 7 , the TCC of the cubic pyrochlore ͑Bi 3/2 Zn 1/2 ͒͑Zn 1/2 Ta 3/2 ͒O 7 is negative and its dielectric constant is larger than that of monoclinic Bi 2 ͑Zn 1/3 Ta 2/3 ͒ 2 O 7 .
III. RESULTS AND DISCUSSION
11 A similar correlation between the dielectric properties and the crystal structure has been reported in other ternary pyrochlore systems consisting of cubic ͑Bi 3/2 Zn 1/2 ͒͑Zn 1/2 Nb 3/2 ͒O 7 and monoclinic Bi 2 ͑Zn 1/3 Nb 2/3 ͒ 2 O 7 .
1 This indicates that the crystallographic structure of the pyrochlore phase BZT films significantly affects their dielectric properties. Herein, the dielectric constant of the cubic Bi 2 ͑Zn 1/3 Ta 2/3 ͒ 2 O 7 thin film ͑ ϳ 177͒ is even higher than that of the cubic ͑Bi 3/2 Zn 1/2 ͒ ͑Zn 1/2 Ta 3/2 ͒O 7 ͑ ϳ 74͒, which might be due to its large total polarizability, as well as its crystal structure. In previous studies, Wang et al. showed that the dielectric constant of cubic ͑Bi 3/2 Zn 1/2 ͒͑Zn 1/2 Nb 3/2 ͒O 7 ͑ ϳ 148͒ is much higher than that of cubic ͑Bi 3/2 Zn 1/2 ͒͑Zn 1/2 Ta 3/2 ͒O 7 ͑ ϳ 74͒ because the higher polarizability of Nb increases the total polarizability of the unit cell. 11 In addition, according to Shannon's report, ion dielectric polarizabilities of Bi, Zn, and Ta given in Å 3 are 6.12, 2.04, and 4.73, respectively. 12 In this study, therefore, the unit cell of the cubic Bi 2 ͑Zn 1/3 Ta 2/3 ͒ 2 O 7 film has higher total ion polarizability than that of the cubic ͑Bi 3/2 Zn 1/2 ͒͑Zn 1/2 Ta 3/2 ͒O 7 bulk since the higher ratio of Bi ion in the A-site of Bi 2 ͑Zn 1/3 Ta 2/3 ͒ 2 O 7 increases the total polarizability of the unit cell. Therefore, the high dielectric constant of the cubic Bi 2 ͑Zn 1/3 Ta 2/3 ͒ 2 O 7 films is attributed to their distortion-free cubic structure and high ionic polarizability. Figure 3 shows the effect of the film thickness on the structure of the BZT films. As the film thickness increases, a peak split is observed in the ͑444͒ reflection. The new peak of the 600-nm-thick BZT film corresponds to the monoclinic ͑442͒ reflection, indicating that the increase in the film thickness allows the coexistence of the cubic and monoclinic phases. Figure 4 quantitatively shows the internal stress of the films calculated using the measured sample curvature and Stoney relations. 13 The in-plane tensile stress decreases as the film thickness increases up to 600 nm. At a film thickness of 373 nm, at which the monoclinic phase coexists with the cubic phase, the in-plane tensile stress is drastically decreased by 300 MPa. The plane-view TEM micrograph of the 193-nm-thick BZT film in the inset of Fig. 4 confirms the presence of internal stress in the thinner BZT films. In the TEM micrograph of Fig. 4 , a contrast due to a strain field is clearly observed along the grain boundaries of the films. The strain field at the grain boundaries indicates that a certain level of internal stress is present in the 193-nm-thick BZT film, 14, 15 which is consistent with the curvature measurement. The tensile stress in the 193-nm-thick BZT film is attributed to the fact that the thermal expansion coefficient of the Si substrate is smaller than that of the Bi-based pyrochlore materials. 16, 17 As the film thickness increases, the cubic BZT films mediated by the interfacial layer may not tolerate the increase in the internal stress, and growth defects such as misfit dislocations may start to form in the BZT films. Consequently, the BZT films lose their structural cor- 18,19 Figure 5 shows the dielectric properties of the films versus their thickness. As the film thickness increases, the TCC increases to −105 ppm/°C and the dielectric constant decreases to 103. The change in the dielectric properties in Fig.  5 can be explained by the mixture rule. As the thickness increases, the BZT films partially recover their monoclinic phase that is inherent to the BZT bulk ͑Fig. 4͒. Therefore, the negative TCC and high r of the cubic phase are compensated by the positive TCC ͑60 ppm/°C͒ and low r ͑61͒ of the monoclinic phase, leading to the increase in the TCC and decrease in r . This indicates that the dielectric properties of the BZT films can be effectively tuned simply by changing their thickness without altering either their chemical composition or processing parameters, which would be useful in practical applications.
IV. CONCLUSIONS
The structure and dielectric properties of PLD-grown BZT films on ͑111͒-oriented Pt/ TiO 2 / SiO 2 / Si substrates were investigated. In contrast to their bulk counterpart, the BZT films thinner than 200 nm possess a cubic pyrochlore phase and show a high dielectric constant ͑177͒ and negative TCC ͑−170 ppm/°C͒ at 1 MHz. The change in the dielectric properties of the cubic BZT films is attributed to their higher polarizability and distortion-free cubic structure. The original monoclinic phase gradually reappears as the thickness of the film is increased. The dielectric constant and TCC of the BZT films can be tuned by adjusting their thickness due to the mixture behavior of the two phases.
